The presence of genetic damage has been investigated in two native species of the Venice lagoon: the common mussel Mytilus galloprovincialis and the grass goby Zosterisessor ophiocephalus. Two sampling campaigns were performed in summer 1998 and 1999. Aromatic-like DNA adducts were analysed in selected tissues of gobies and mussels by using the 32 P-postlabelling assay. In 1999, micronuclei and other nuclear abnormalities were additionally scored on gill cells and haemocytes of individual mussels whereas inorganic (As, Cd, Cr, Hg, Ni, Pb, Sn) as well as organic contaminants (polycyclic aromatic hydrocarbons, polychlorinated biphenyls and other chlorinated compounds) were measured in the total mussel pulp. Compared to the lagoon inlet area, gobies and mussels from the industrial district (Marghera) showed significant DNA adduct levels and increased frequencies of cytogenetic alterations (evidence of genetic damage was absent or inconsistent in other sites). The substantial levels of aromatic and chlorinated contaminants detected in mussels from Marghera also support the exposure of native organisms to genotoxic agents. D
Introduction
Natural factors and human activities create continuous and increasing challenges to the coastal ecosystems and, especially in the coastal lagoons, complex physical and chemical gradients and co-occurring problems often make an integrated management approach advantageous (Cognetti, 2001; Bon et al., 2001; Margerum and Hooper, 2001 ). In the lagoon surrounding Venice (Italy) the advent of allochthonous species and improper clam fishing are additional factors of environmental change (Sorokin et al., 1999; Pranovi et al., 2000; Pastres et al., 2001 ) whereas the industrial district of Porto Marghera, well developed and heavily polluted, paradoxically allows a better understanding of indicators and biomarkers currently used in the surveillance of coastal pollution (Widdows et al., 1997; Da Ros et al., 2000; Sole et al., 2000; Raccanelli and Bonamin, 2000; Moret et al., 2001; Caliceti et al., 2002) .
Indeed, the presence of contaminants in water and sediments elicits the question of whether and how much, local species and populations are influenced. Actually, biological damage can occur following exposure to toxic and genotoxic contaminants, although the variety of aquatic organisms and life strategies complicate any evaluation of evolutionary consequences (Wurgler and Kramers, 1992; Dixon and Wilson, 2000; Bickham et al., 2000; Belfiore and Anderson, 2001; Nevo, 2001) . Toxic compounds can alter cellular molecules and impair essential processes such as membrane transport, cytoskeleton dynamics and intracellular trafficking, mitochondrial energy production, cell signaling, maintenance of genome stability and regular gene expression. The exposed organisms may exhibit different sensitivity to pollution depending on life stage, structural features and individual genetic differences. Accordingly, a different chance of survival and reproduction may lead to changes in the genetic population structure and biological community composition.
In the particular case of genotoxic contaminants, namely molecules having the potential to cause structural DNA damage, genomic instability and altered gene expression, the biological consequences of exposure can be traced in mutations, tumor development and less specific events of oxidative stress, function impairment and aging (Kurelec, 1993; Ames et al., 1993 , De Flora et al., 1996 Bartsch and Nair, 2000; Bohr, 2002) . Significant fitness reduction and increased risk of extinction has been hypothesized for small populations as a result of concurrent stochastic processes and increased mutation load, a phenomenon defined as mutational melting down (Bickham et al., 2000) .
The increase of structural DNA damage over typical background levels can be experimentally detected in different species with a number of validated assays and such measures provide early warning of actual exposure and of potential subsequent effects of genotoxic agents (McGregor et al., 1999; Albertini et al., 2000; Cajaraville et al., 2000; Livingstone et al., 2000) . In fish populations of highly urban and industrialized sites, genetic damage and altered gene expression have been related to polycyclic aromatic hydrocarbons (PAH) and other common xenobiotics (Wirgin and Waldman, 1998) . In similar cases, the weight of evidence can help the prioritization of management and recovery actions thus allowing a more rapid improvement of the environment quality.
In this study we evaluated the occurrence of DNA damage in native mussels and territorial fish of the Venice lagoon by detecting two different structural alterations: DNA adducts are caused by the covalent binding of reactive xenobiotics to nucleophilic DNA positions (Hemminki et al., 1994; Shuker, 1999) whereas micronuclei (MN) are small chromatin bodies, cytologically evident in the cytoplasm of dividing cells and resulting from DNA strand breakage or altered chromosome migration (Heddle et al., 1991; Stopper and Muller, 1997) .
DNA adducts can be detected with the 32 P-postlabelling assay, a reliable and sensitive multi-step procedure established at the beginning of '80s (Randerath et al., 1981; Gupta et al., 1982) , then improved and revised (Reddy and Randerath, 1986; Reichert and French, 1994; Phillips and Castegnaro, 1999) and successfully used for monitoring environmental exposure to aromatic-like genotoxic compounds and for understanding cancer development (Phillips, 1997; Bailey et al., 1998; Nesnow et al., 1998; Palli et al., 2000) . Significant formation of DNA adducts has been demonstrated in a number of fish species and also in molluscs following laboratory and environmental exposure (Pfau, 1997; Canova et al., 1998; Harvey et al., 1999; Xu et al., 1999; Aas et al., 2000) . For instance, hepatic DNA adducts and PCB content have been reported as significant risk factor for prevalence of common preneoplastic hepatic lesions in English soles from Puget Sound, WA (Myers et al., 1998) . Depending on the treatment, maximum formation of DNA adducts induced by aflatoxin B1 and benzo [a] pyrene can occur in a few days, followed by a rapid decline lasting from some week to about two months (Maccubbin, 1994; Malmströ m et al., 2000) .
The more traditional microscopic scoring of MN has been applied to a variety of cells both in human (Fenech et al., 1999; Majer et al., 2001; Basu et al., 2004; de Almeida et al., 2004) and environmental investigations (Mersch and Beauvais, 1997; Rao et al., 1997; Tanzarella et al., 2001; Bolognesi et al., 2004) . The MN frequency clearly depends on species and cell type and, in mussels, they are typically scored in epithelial-like gill cells and agranular haemocytes.
The reference species for the Venice lagoon area were selected on the basis of their ecological role and taking into account laboratory and field studies previously performed (Venier et al., 1996 (Venier et al., , 1997 Canova et al., 1998) . In particular, a dose-related formation of benzo[a]pyrene-DNA adducts was evident in Mytilus galloprovincialis, efficient filterfeeder living in the water column, and Zosterisessor ophiocephalus, bottom-dwelling fish of the sea grass meadows. As well, mussels treated with benzo[a]pyrene showed dose-related increases of micronucleated cells. Interestingly, both direct clastogenic events and bulky DNA adducts can increase micronuclei and DNA breaks in aquatic organisms following dose-and time-dependence (Sadinski et al., 1995; Venier et al., 1997; Ching et al., 2001) .
According to the general purpose of improving knowledge on the Venice lagoon and assessing the effects of pollution on the ecosystem and human health, this paper describes DNA adduct levels and frequencies of cytogenetic damage in fish and mussels collected from selected sites of the Venice lagoon. The results confirm previous evidence of genetic damage in the industrial zone and support the use of the selected biological markers for assessing the impact of genotoxic contaminants on the benthic fauna of the lagoon environment.
Materials and methods

Sampling sites and campaigns
The Venice lagoon has a total surface of¨549 m 2 and three lagoon inlets (P. Chioggia, P. Malamocco and P. Lido). Within the lagoon, the water renewal depends on tidal excursion (¨60 cm) and is influenced by the presence of rather confined inner sites and navigable water channels. Lagoon sites representing different situations and contamination levels were preliminary selected and sampled in summer 1998 (Fig. 1) . In detail, site 1 was in a putatively unpolluted and ecologically rich area not far from the Lido inlet. Sites 2 -4 were possibly influenced by agricultural practices. Site 5 was near Passo Campalto, the fish sampling being aside Barena del Passo whereas mussels could be found only toward Venice. Sites 6 -8 were along the industrial water channels, close to petrochemical installations and production facilities. Sites 9 and 10 were positioned in the South lagoon basin, on both sides of the urban settlement of Chioggia.
On the basis of the first results, the pilot investigation was completed on sites 1, 5, 7, 8, 10 in summer 1999. All the sampling points were carefully identified by landscape references and GPS measurements (data not shown).
Organisms and tissues
Grass gobies (Zosterisessor ophiocephalus, Pallas, 1814) were collected in 1998 and 1999 according to the local fishing policy. In 1999 mussels (Mytilus galloprovincialis, Lmk., 1819) were also sampled from old wood poles (''briccole'') of the finally selected sites. Following rapid transport, animals were measured, dissected on ice, and tissue samples for the DNA adduct analysis immediately frozen in liquid nitrogen (gills, liver, digestive tube from gobies and gills from mussels).
Mussel haemolymph was withdrawn from the posterior adductor muscle with 0.5 ml of 10 mM EDTA in sea water to minimize haemocyte clumping. Both haemolymph and half gill from individual mussels were immediately used to get cytological preparations for the MN analysis.
With the exception of samples for the chemical analysis (soft tissues composed from a suitable number of mussels from each lagoon site, pooled and stored at À80 -C) 5 individuals per experimental point were used (fishes or mussels, medium size and mixed sex).
DNA adducts
DNA was purified from the raw nuclear fraction of the selected tissues (pooled samples from 5 individuals) as indicated elsewhere (Canova et al., 1998) thus obtaining absorbance ratios of 1.8 T 0.5 (A 280/260 ) and¨2 (A 260/230 ). The 32 P-postlabelling assay was performed according to the published protocols (Reichert and French, 1994; Phillips and Castegnaro, 1999) relative to the time schedule of the field campaigns. Basically, dialyzed micrococcal nuclease and spleen phosphodiesterase were used to digest the macromolecular DNA to nucleotides. Adduct enrichment was achieved by digestion with nuclease P1 and, alternatively, by extraction in re-distilled pure butanol. Radioactive labelling of the digested and enriched samples was performed with >5000 cCi/ mmol 32 P-ATP (>20 ACi/5 Ag DNA) and T4 polynucleotide kinase (5 U/5 Ag DNA, Roche Diagnostics). The labelling reaction was stopped by hydrolysis of the 32 P-ATP with potato apyrase. Bidimensional separation of the 32 P-labelled nucleotides was achieved by sequential thin layer chromatography on CEL300PEI (Macherey Nagel) with D1 -D4 buffers. Washing steps were performed with D1 and D4 (Na phosphate buffers 1 M, pH 6.8 and 1.7 M, pH 6, respectively). High molar-salt separating buffers were D2 (5.3 M Li formate, 8.5 M urea, pH 3.5) and D3 (1.2 M LiCl, 0.5 M Tris -HCl, 8.5 M urea, pH 8). Autoradiography followed by excision of adduct/blank area and Cherenkov counting (Tricarb 2100, Packard) was applied in order to reveal and quantify the radioactive adduct spots. DNA adducts are expressed as number of adducts in 10 8 normal nucleotides (i.e. relative adduct labelling) using the empirical specific activity of 32 P-ATP in agreement with Reddy and Randerath (1986) . For practical reasons DNA adduct levels were analysed in 3 -4 replicates only for selected series of samples, the resulting data being used to compare the lagoon sites under study (two-way ANOVA).
Micronuclei and other nuclear abnormalities
Individual half-gills were digested with dispase II in Alsever solution and isolated cells were filtered on nylon nets, overlaid and centrifuged on Ficoll (1.077 g/ml) as reported elsewhere (Venier et al., 1997) . Good quality suspensions of haemocyte and gill cells were then centrifuged on slide at suitable cell density (Shandon Cytospin, 800 rpm, 2 min), fixed in iced methanol and stained with 6% Giemsa.
MN were scored in whole epithelial-like gill cells and agranular haemocytes at 1000Â magnification. Although not usually regarded as index of cytogenetic damage, nuclear abnormalities other than MN were also scored and collectively evaluated, namely incomplete MN, abnormally shaped nuclei, cells with more than one nucleus, abnormal mitosis. Also, the granulocyte percentage in the heterogeneous cell populations of haemolymph and gills was evaluated in parallel.
The microscopic observation was performed on¨2000 cells/ slide, 2 slides/tissue/mussel and 5 mussels/site. Mean and standard deviation of the individual MN frequencies for each site (gills or haemolymph of 5 mussels) were calculated whereas significant differences between sites were evaluated by using the G test (Sokal and Rohlf, 1981) .
Chemical analysis
Chemical analysis were carried out according to reference methods and updated quality standard by SGS Ecol Srl, (Villafranca, PD, Italy) together with the InterUniv. Consortium Chem. Environ. (Marghera, VE, Italy). Selected inorganic (As, Cd, Cr, Hg, Ni, Pb, Sn) and organic contaminants (PAH, polycyclic aromatic hydrocarbons, PCB, polychlorinated biphenyls, and other chlorinated compounds) were measured in total mussel pulp of the five lagoon sites sampled in 1999 and results were given as single values. Samples were heated at 105 -C to calculate the dry weight; and lipid content was also assessed.
Metals to be analyzed were selected on the basis of their potential toxicity. Referring to the IARC classification of human carcinogens, arsenic, cadmium and nickel compounds, hexavalent chromium and lead chromate are regarded as human carcinogens (group 1) whereas lead is considered as possible human carcinogen (group 2B). Neurotoxic effects and reproduction alterations are mainly reported for mercury and tin, respectively. Metal concentration was evaluated by inductively coupled plasma-mass spectrometry (ICP-MS, Method 6020-1, 1994) a type of elemental analysis allowing the detection of sub-Ag/l concentrations ( 0.02 Ag/l) in water, waste extracts or digests.
Chlorinated pesticides, namely aldrin, endrin, dieldrin, DDTrelated compounds (o,pV-DDE, p,pV-DDE, o,pV-DDD, p,pV-DDD, o,pV-DDT, p,pV-DDT), heptachlor and heptachlor epoxide, hexachlorobenzene (HCB) and hexachlorohexanes (a-, h-, g-HCH), were analyzed by liquid -solid extraction followed by gas chromatography -mass spectrometry (GC/MS, EPA Method 525.2) in high-resolution (HRGC -HRMS). Briefly, organic components were extracted by passing each sample, properly prepared, on a solid matrix with a chemically bonded C 18 organic phase. After elution in organic solvents (ethyl acetate followed by methylene chloride) and partial evaporation, each concentrate was injected in the capillary column of the GC -MS system. Internal and calibration standards were routinely used. HCB, HCHs, chlordane derivatives (heptachlor and heptachlor epoxide), DDT and associated compounds (DDE and DDD) are possible human carcinogens (group 2B).
Thirteen individual PCBs were analyzed following isotope dilution and internal standard in HRGC -HRMS (EPA Method 1668-A3), namely congeners 77, 105, 114, 118, 123, 126, 167, 156, 157, 169, 170, 180, 189 . The total PCB content (209 possible compounds) in the mussel pulp was also analyzed by comparison to a standard mixture (1:1) 
Overall evaluation
Chemical and biological data referred to the lagoon sites 1, 5, 7, 8 and 10 in 1998 and 1999 were organized in a unique matrix and interpreted by cluster analysis (Statistica, Staxs 2000) . Five cases (sites) were ordered on the basis of the corresponding values of 4 -25 variables (as selected variables or all together). Total content of metals, PAHs and PCBs were included. With regard to chlorinated pesticides only complete data were used, namely HCB and the total concentration of DDT-like compounds (DDT, DDE, DDD). All DNA adduct data (average and single values) or only values derived from 3 to 4 replicates were considered. Cytological parameters, MN, other nuclear alterations and granular cell proportion were included as group averages, referred to each lagoon site. Graphs reported herein indicate the linear Euclidean distance (single link) among the lagoon sites.
Results and discussion
3.1. DNA adducts in gobies and mussels
The applied procedure, 32 P-postlabelling assay, specifically detects aromatic-like adducts and the experimental adduct levels estimate the biological target dose, i.e. the real amount of molecules covalently bound to DNA which depends on contam-inant uptake and metabolism, chemical adduct structure, DNA repair and cell replication or cell death.
In performing the 32 P-postlabelling assay both nuclease P1 and butanol were used for adduct enrichment since they can provide complementary information. Figs. 2, 3, 4 and 5 illustrate the adduct profiles observed in laboratory and field testing.
The typical appearance of standard adducts following 2D-chromatography (origin in the left-bottom corner) and autoradiography is shown in Fig. 2 . One or more radioactive spots of different intensity can be detected depending of the method used for the DNA modification: in vitro activation of benzo[a]pyrene ( Fig. 2A) and direct reaction on DNA of the ultimate intermediate benzo [a] pyrene diolepoxide (Fig. 2B ) (see Canova et al., 1998; for details). In 1998, DNA was purified from liver, gills and digestive tube of Z. ophiocephalus, tissues having different functions and cell replication rates, and the adduct analysis performed. Fig. 3 shows the adduct profiles detected with butanol (left) and nuclease P1 (right) in gill DNA of Z. ophiocephalus (1998). Adducts were substantially absent in the sample from the putative unpolluted site 1. In contrast, a typical diagonal radioactive zone (DRZ), produced by overlapped adduct spots and indicative of a mixture of bulky adducts, was evident in samples from sites 7 and 8. Such profile is commonly reported for exposure to complex mixtures, both in contaminated waters and following tobacco smoking (Ericson et al., 1995; Izzotti et al., 1998) . Distinct radioactive spots were detected in the sample from site 10 (the two enrichment procedures allowed the detection of partially different adduct patterns). A radioactive spot, suggestive of a poorly mobile adduct, was occasionally detected in the sample from site 5. The evidence of radioactivity in the upper right corner may be referred to polar components of the tested samples.
Similarly, Fig. 4 shows typical DNA adduct profiles detected with butanol (left) and nuclease P1 (right) in digestive tube of the same gobies (Z. ophiocephalus, 1998). The DRZ was confirmed for sites 7 and 8 but a weak evidence of its presence was also detected in samples from site 5 and 1, thus suggesting that digestive tube may provide a more important way for contaminant intake than gill surface. One intense radioactive spot was detected in the sample from site 10 following both the enrichment procedures. Fig. 5 shows the adduct profiles detected with butanol (left) and nuclease P1 (right) in gills of M. galloprovincialis (1999) from the same sites. In agreement with Fig. 3 , DNA adducts were not detected in mussels from site 1, neither in those from sites 5 and 10 (see comment about site 5 in Section 3.2). Only a short and faint DRZs were evident for sites 7 and 8, respectively. A short DRZ has often been detected in native mussels from the industrial district (Venier et al., 1996 . Compared to fish and mammals, the enzyme complement and activities for xenobiotic metabolism are limited in mussels and can partially explain their bioaccumulation capacity since the efficient uptake of contaminants is not counter- balanced by equal rates of biotransformation and elimination (Canova et al., 1998; Livingstone, 1998) . Overall, similar trends in adduct levels among sampling sites were observed in liver, gills and digestive tube of gobies in 1998 and 1999 (Table 1) . DNA adduct detection was performed in 3 -4 replicates in gills and liver of Z. ophiocephalus and in gills of M. galloprovincialis following butanol enhancement (designed as -F-G-Bu,-F-L-Bu and -M-G-Bu in Table 1 , respectively). Compared to site 1, significant DNA adduct increases were detected in site 7 (Z. ophiocephalus gills and M. galloprovincialis gills, 1999), site 8 (Z. ophiocephalus gills, 1998 and M. galloprovincialis gills, 1999), and site 10 (Z. ophiocephalus gills, 1998). The highest individual adduct levels were detected in sites 7 and 8 following butanol enrichment (3.848 and 4.049 DNA adducts/10 8 total nucleotides, respectively). Generally, lower adduct levels were detected in liver compared to gills of the same gobies in 1998. Overall variability in adduct levels is also evident from Table 1 , as expected for different tissues and species and usually intrinsic to individual biological responses (Phillips and Castegnaro, 1999) . Nevertheless, the substantial occurrence of aromatic-like adducts detected as DRZ in sites 7 and/or 8 was qualitatively confirmed in the digestive tube of gobies in two subsequent years (I-F-D-Bu and I-F-D-P1; II-F-D-Bu and II-F-D-P1). The occurrence of DNA adducts in gobies from sites 10 and, occasionally, from site 5, requires further investigation.
MN and other nuclear alterations in mussels
The presence of cytogenetic damage was investigated during the 1999 campaign by microscopical scoring of MN and other cytological end-points in haemolymph and gill cells of individual mussels (5 mussels/site,¨20 000 cells/site). Fig. 6 exemplifies MN in epithelial-like gill cells (A) and agranular haemocytes (B). The latter also represents an abnormal mitosis in a field of cells showing bubbly cytoplasm. The two cell types were chosen based on the published literature and obvious MN expression (dependent on cell replication rates). Epithelial-like gill cells can appear with or without cilia, some cells exhibit cytoplasmatic inclusions still discernible from those of typical granulocytes . Aggregated and broken cells were excluded from scoring whereas rare mitotic figures were annotated (data not shown). Fig. 7 shows micronucleated cells (top,°), cells with other nuclear alterations (middle,°) and granulocyte abundance (bottom, %), evaluated in parallel on the same cell preparations. Compared to site 1, significant increases of MN were detected in mussels from sites 7, 8 and 5 (only for mussel sampling, site 5 was necessarily moved towards the town of Venice due to the low salinity of the inner lagoon near Campalto and other possible factors impairing the mussel settlement). The highest individual Table 1 Overall DNA adduct levels (DNA adducts/10 8 total nucleotides) in Z. ophiocephalus and M. galloprovincialis from sites 1, 5, 7, 8 and 10 Samples are designed with letters referring to the field campaigns (I: 1998; II: 1999), species (F, fish; M, mussels), tissues (G, gills; L, liver; D, digestive tube) and enrichment procedures (Bu, butanol, P1, nuclease P1). Average and standard deviation are reported for samples tested in 3 -4 replicates and significant increases are indicated for comparison with site 1. * p < 0.05. ** p < 0.01. *** p < 0.001. MN frequencies were detected in mussels from sites 7 and 8 (5.3°i n gill cells and 12.3°in haemocytes, respectively). Similarly, significant increases of other nuclear alterations (total range: 10.6 -24.3°) were also observed in sites 7, 8, and 10. Such broad index supports the evidence of genetic damage in mussels from the industrial sites.
On the other hand, significant increases of granular cells in haemolymph and gill tissue of mussels from sites 7, 8, 10, and 5 once (the range of granular cells in gills and haemolymph was 2.7 -16.7% and 38.3 -54%, respectively) were detected. Such increases might indicate a general stress condition with recruitment of cells related to invertebrate immune-defence (Oubella et al., 1996; Dyrynda et al., 1998; Jenny et al., 2002) . Further study on the same lagoon sites is needed to investigate the above hypothesis.
Chemical analysis
On the basis of potential toxicity and environmental persistence, elemental metals (As, Cd, Cr, Hg, Ni, Pb, Sn), individual PAHs and PCB congeners, and a number of organochlorine pesticides were measured in mussels (1999; sites 1, 5, 7, 8 and 10, composite samples of soft tissues). In Table 2 dry weight, lipid content and all raw analytical data referred to the five samples are listed. For each group of chemicals, total values per site were also calculated, except for PCBs which total concentration is given by comparison to a standard mixture of Aroclor 1254 + 1260 (1:1).
Average and standard deviation of the dry weight and lipid content in the five samples were 20.32 T 4.34 and 0.09 T 0.01, respectively.
Total metal concentration ranged from 37.7 to 67.6 Ag/g (d.w.). Arsenic emerged as major metal contaminant followed by lead, chromium, tin, nickel and cadmium (a peak value of As was detected in sample 10, from P. d. Musichiere -Chioggia).
Total PAH concentration ranged from 101 to 1058 ng/g (d.w.). The highest concentration was detected in sample 7 followed by samples 8 and 5, namely the industrial canals and S. Secondo Island (in between P. Campalto and Venice town), whereas sample 1 showed the lowest PAH concentration. Pyrene, fluoranthene, chrysene and benzo [b,k] fluoranthene were the most represented PAHs (relative abundance in decreasing order). Taking into account only probable and possible carcinogenic PAHs, sample from site 7 was confirmed as the most contaminated. Table 2 Chemical analysis performed on mussels from sites 1, 5, 7, 8, and 10 (1999) As regards total PBCs, they ranged from 153.4 (site 1) to 1176.9 ng/g (d.w.). Decreasing concentrations were observed in samples from sites 7, 8, 10 and 5. In addition, site 7 showed the highest concentrations of congener 126 (compared to dioxin, its toxicity equivalent factor for humans and fish is 0.1 and 0.005, respectively). The most abundant congeners of interest were 118, 180, 105 and 167, in decreasing order.
Samples from sites 7 and 8 were also the most contaminated by hexachlorobenzene (55.4 and 20.8 ng/g, d.w., respectively) whereas only 0.1 ng/g d.w. were detected in site 1.
Detectable concentrations of a-and g-hexachlorohexane were present in samples from sites 7, 1 and 10.
DDT and associated compounds summed at 15.6, 17.4, 28.5, 29.3 and 29.4 ng/g (d.w.) in sites 1, 10, 8, 7 and 5, respectively.
Site classification
Raw data derived from chemical and biological testing were organized altogether and subjected to cluster analysis in order to categorize the final five lagoon sites. 
Concluding remarks
Previous investigations performed in 1993 -94 and 1997 -98 already indicated the exposure of aquatic organisms from Marghera to genotoxic contaminants (Venier et al., 1996 . Interestingly, reduced genetic diversity in native mussels and barnacles from the same area has been reported (Battaglia et al., 1980; Patarnello et al., 1991) . Such evidence and more recent comprehensive data on sediment contamination (MAV-CVN, 2000) indicate chronic environmental contamination, most likely related to the intense development of petrochemical production and transports occurred in past decades ('70s -'80s) .
This work demonstrates recent exposure of native aquatic organisms of the Venice lagoon to genotoxic pollutants and confirms previous evidence of genetic damage in the local industrial area. The presence of bulky DNA adducts and chromosomal alterations in somatic tissues of gobies and mussels, likely caused by a mixture of environmental contaminants, indicates the potential for further alterations at higher biological level (i.e. reduced environmental performance of individuals and population changes). As a matter of fact, a new investigation performed on native mussels and clams during 2000 -2001 detected again significant genetic damage and reduced heterozygosity levels in molluscs from Marghera (Venier et al., 2003) .
In this study, DNA adducts and MN appeared useful markers for monitoring the presence of genotoxins in coastal waters. However, two points need to be highlighted. First, multidisciplinary and repeated monitoring is essential in order to assess pollution-related effects and to evaluate the ecosystem status. Second, the simultaneous presence of different kind of environmental stressors complicate the interpretation of subsets of data (Sandvik et al., 1997) . For instance, the formation of aromatic-like DNA adducts may be modulated by other contaminants, such as dioxin and PBCs, enhancing specific biochemical pathways. On the other hand, toxicity of certain heavy metals may result in enzyme inhibition, thus modulating in opposite way even the same pathways. Moreover, defence mechanisms possibly occurring in aquatic organisms and involving immune- related or resistance responses are still poorly understood. In view of the above considerations, monitoring the expression of specific genes and proteins recruited in the cell response to toxic pollutants could improve the interpretation of cause -effect relationships in future investigations.
